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akthi@toyo.jp (DAbstract Silica nanoparticles have been prepared from tetraethylorthosilicate dissolved in ethanol
followed by base-catalyzed condensation. Earlier works reported that at least four parameters,
namely concentration of tetraethylorthosilicate, ethanol, water and ammonia solution are needed
to be optimized for the size tuning of silica nanoparticles. In this work size tuning of 5 nm–250 nm
has been achieved by varying a single synthesis parameter i.e., the concentration of ammonia
solution. Oxygen plasma was found to be successful for generating pores on silica nanoparticles
without using any structure directing agents. The properties and morphology of nanoparticles were
investigated by transmission electron microscopy, scanning electron microscopy, energy dispersive
X- ray spectroscopy and Fourier transformed infrared spectroscopy.
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Silica nanoparticles (SNPs) occupy an outstanding position in
scientiﬁc ﬁeld due to their enormous applications in catalysis,
electronics and thin ﬁlm substrates, separation technology, sensor
technology, pharmacy and agriculture [1–9]. Many research works
have also been carried out on the use of SNPs for targeted drug
delivery both in medicine and agriculture [10–16]. In order to put
SNPs into application for targeted drug delivery, the minimization
of particle size to nanometer range is critical since most of the
cellular uptake occurs within the size ranging from 5 nm to
250 nm in both animal and plant cells [11,16,17].
Signiﬁcant research progress has been made in controlling and
modifying the properties of mesoporous silica materials since its
discovery [18–21]. Stober et al. reported a pioneer method for the
synthesis of spherical and monodisperse SNPs from aqueous
alcohol solutions of silicon alkoxides using ammonia as a catalyst
R. Nair et al.194[22]. Bogush and Zukoski prepared monodispersed silica particles
from 40 nm to several micrometers by controlled hydrolysis of
tetraethylorthosilicate (TEOS) in ethanol followed by condensa-
tion of the dispersed phase material [23]. Other approaches for the
preparation of highly monodispersed silica nanospheres involved
the use of basic amino acid monomers instead of ammonia [24,25]
and elemental silicon instead of other expensive precursors [26].
The inﬂuence of synthesis conditions such as solution composition
and temperature on the formation of SNPs was systematically
investigated. The characteristics of mesoporous silica at different
aging-temperature and the behavior of this system on the
microencapsulation of a model drug were also investigated [27].
S.K. Park et al. and G. L. Davies et al. reported the
optimization of four different experimental parameters, including
concentration of silica source and NH3 solution, type of solvent
and reaction temperature for controlling the size and size
distribution of SNPs [28,29]. In contrast to these earlier research
reports of size tuning, the study on the control of the nanopar-
ticle size for developing SNPs has been carried out in the present
investigation, and the experimental results showed that the
concentration of NH3 solution can be the only deciding para-
meter for developing SNPs with the size ranging from 5 nm to
250 nm, keeping all other synthesis conditions constant.
Porous SNPs could open up wide possibilities in drug delivery
system [11,30–32]. Their unique architecture of having parallel
pores with two openings allows them to be ﬁlled with suitable
drugs for controlled release and provide opportunities for design-
ing zero premature release systems, which could be operated under
the control of various external physical or chemical stimuli
[33–35]. The common methods for developing highly porous
SNPs involve the use of suitable surfactants or structure directing
agents, such as cetyltrimethyl ammonium bromide (CTAB)
followed by their removal by acid wash or calcination [16,36,37].
However there were some reports regarding the toxicity of
surfactants such as CTAB to cells while using them as stabilizing
agent for the nanomaterial used for cellular delivery [38–40]. If
such agents are involved in the synthesis of mesoporous SNPs,
failure in their complete removal might produce cell toxicity while
using such porous SNPs as drug delivery vectors. Hence it is better
if we could create pores on the surface of SNPs without using any
surfactant agents. Plasma treatment has reported to be a promis-
ing way to remove organic templates and generate mesoporous
thin ﬁlms. Compared to conventional thermal calcination meth-
ods, plasma treatment provides a promising low-temperature, low
cost and time saving preparation process. Studies regarding the
use of argon and oxygen plasma for generating mesopores on
silica thin ﬁlms have been reported [41–44]. On the basis of this,
we tried to generate pores on spherical SNPs by plasma method.
We had used oxygen plasma as direct etching tool for inducing
pores on SNPs without using any structure directing agents, and
this method is proved to be very easy and time saving.
The characterization of SNPs was carried out using trans-
mission electron microscopy (TEM), scanning electron micro-
scopy (SEM), energy dispersive spectroscopy (EDS) and
Fourier transformed-infrared (FT-IR) spectroscopy.2. Experimental
For the synthesis of SNPs, we had used TEOS as the silica
source, NH3 solution as the catalyst, Ethanol (EtOH) as the
solvent (all from Kanto Chemical Co., Japan) and distilledwater. All chemicals were used as received without further
puriﬁcation. SNPs were synthesized following the base cata-
lyzed condition via hydrolysis of TEOS and condensation
reaction. TEOS, H2O and EtOH were taken at a molar ratio
of 1:53.6:40.7 respectively and ammonia solution was added
at varying concentration. TEOS (5 ml) and EtOH (40 ml)
were taken in a conical ﬂask and mixed vigorously using a
magnetic stirrer for 10 min at 60 1C. Different concentrations
of ammonia solution (6, 8, 12, 16, 20 and 24% v/v) were
prepared for each experiment and added dropwise to TEOS-
EtOH solution under constant stirring followed by reﬂuxing
for 3 h at a constant temperature of 60 1C. White colored silica
nanopowder was dried out of the solution with rotary
evaporator and stored in air tight glass bottles. The synthe-
sized nanoparticles were subjected to characterization for
determination of size, shape and its chemical nature.
TEM image was recorded with JEM-2200-FS Field Emis-
sion Microscope at an accelerating voltage of 200 KV and
electron diffraction study was conducted to check the nature
of the sample. Energy dispersive X-ray spectroscopy (EDS)
analysis and EDS mapping were carried out using JED 2300
attached with JEM-2200-FS Field Emission Microscope for
chemical characterization of the synthesized nanoparticles.
The morphology of the particle was analyzed by SEM using
JEOL JSM-7400 F Field Emission Scanning Electron Micro-
scope operated at 5 KV accelerating voltage. The sample on
specimen stubs were coated with platinum (approximately
50 nm thickness) using Hitachi E-1030 ion sputter machine
before microscopic examination. FTIR spectrum was recorded
on a Shimadzu IR Prestige-21 in diffused reﬂectance, operat-
ing at a resolution of 4 cm1.
The characterized nanoparticles were subjected to plasma
treatment to generate pores on their surface by direct etching
method using Samco Basic Plasma Kit Model BP 1. Detailed
description of this plasma kit was given in a work already
published from authors’ laboratory [45], i.e. the apparatus
consisted of a Pyrex glass bell jar and a pair of parallel disk
electrodes (70 mm in diameter). The lower electrode was
connected to a heater and the upper one was connected to a
RFG-200 radio-frequency generator operated at 13.56 MHz,
through an impedance-matching circuit. A thin layer of SNPs
(around 100 nm in size) was prepared on a clean glass slide. The
glass slide was then carefully placed on the lower electrode.
Direct pore formation was initially tried with argon plasma at a
ﬂow rate of 5 ml/min at 20 1C without any sample heating.
Plasma power and processing time varied from 100–200 W and
30 min to 1 h, respectively. The same treatment was again
conducted by heating the samples to 150 1C inside the reactor.
The whole experiment was repeated with oxygen plasma instead
of argon plasma by maintaining a ﬂow rate of 60 ml/min
at 20 1C both without and with sample heating of 150 1C.
The chamber pressure was kept at 20 Pa during the whole
procedure. The treated samples were then subjected to the
characterization using TEM and SEM.3. Results and discussion
SNPs of size ranging from 5 nm to 250 nm have been
successfully synthesized by modifying the Stober process. On
keeping all other synthesis conditions and parameters constant
(as mentioned earlier in the introduction part), size tuning was
Fig. 2 FTIR spectrum of SNPs. The scanned wave number range is from 400–4000 cm1. The peaks are as follows: (1) 464 cm1 (Si–O–
Si bending), (2) 802 cm1 (Si–O–Si symmetric stretching), (3) 964 cm1 (Si–OH bending), (4) 1103 cm1 (Si–O–Si asymmetric stretching),
(5) 3100–600 cm1 (Si–OH stretching).
Fig. 1 (a) Diffraction pattern of SNPs. The ring structure conﬁrmed the amorphous nature of the sample. (b) EDS analysis of SNPs.
We have obtained only three elements C, O and Si. (c) EDS mapping of SNPs. Red color—Silicon, Blue color—Oxygen and Pink
color—Carbon. Carbon comes from the supporting ﬁlm used for TEM analysis.
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(6, 8, 12, 16, 20 and 24% v/v). It has been observed that a
further increase in NH3 solution concentration (from 24% v/v)
could not produce remarkable change in particle size, showing a
saturation effect.
Fig. 1a shows the electron diffraction pattern of SNPs. The
ring structure obtained from the sample conﬁrmed its amor-
phous nature. The chemical characterization for the nanoparti-
cles was carried out by EDS analysis and EDS mapping as
shown in Fig. 1b and c respectively. The results of chemical
analysis revealed that four elements—C, O, Si and Cu, existed in
SNPs (Fig. 1b). C and Cu peaks come from the carbon coated
copper grid used for TEM and EDS analysis. In EDS mapping
of Fig. 1c, red, blue and pink color indicated silica, oxygen and
carbon (from the carbon supporting ﬁlm on grid), respectively.Fig. 3 SEM images of SNPs at different concentrations of NH3 s
9.16 nm). (B) SNPs at 8% v/v NH3 solution (Average diameter: 67.
137.66 nm). (D) SNPs at 16% v/v NH3 solution (Average diameter: 2
242.07 nm). (F) SNPs at 24% v/v NH3 solution (Average diameter: 2EDS chemical analysis and mapping conﬁrmed that the expected
SNPs have successfully developed in this study.
The chemical structure of SNPs was studied using FT-IR
spectroscopy as shown in Fig. 2. The peaks identiﬁed were:
Si–O–Si bending at 464 cm1, Si–O–Si symmetric stretching
vibration at 802 cm1, Si–OH bending vibration at 964 cm1,
Si–O–Si asymmetric stretching vibration at 1103 cm1 and a
broad peak from 3100–3600 cm1 due to Si–OH stretching
vibration. The observed results agree with previously pub-
lished results in the literatures [46–48] and this conﬁrmed the
similarity in structural characteristics of the developed SNPs
by the present method.
SEM images showed small sized SNPs (about 5 nm) at low
concentration of NH3 solution (6% v/v) (Fig. 3A) and they
appeared in agglomerated form. However a gradual increaseolution. (A) SNPs at 6% v/v NH3 solution (Average diameter:
81 nm). (C) SNPs at 12% v/v NH3 solution (Average diameter:
16.62 nm). (E) SNPs at 20% v/v NH3 solution (Average diameter:
57.03 nm).
Size tuning and oxygen plasma induced pore formation on silica nanoparticles 197in the nanoparticle size was observed with a corresponding
increase in the concentration of NH3 solution (8, 12, 16, 20
and 24% v/v) and SNPs appeared as deﬁned spherical shape
and without obvious aggregation as shown in Fig. 3B–E.
It was also noticed that the surface smoothness reduced with
increased particle size (around 250 nm) as shown in Fig. 3F.
The images obtained from TEM and SEM clearly showed that
the synthesized SNPs were nearly monodisperse in nature and
maintained their size in nanometer range. Fig. 4 shows a linear
relationship between the size of nanoparticles and the con-
centration of NH3 solution. It is clear that even after keeping
all other parameters (concentration of TEOS, ethanol, water
and reaction temperature) constant, the size of the nano-
particles increased with increase in the concentration of NH3
solution alone. However, on reaching particle size about
250 nm (at 24% NH3 solution), the particles size reached a
saturation level no further increase in size has been found with
corresponding increase in the concentration of NH3 solution
(28 and 32% v/v).Fig. 4 Graph showing the relationship between the sizes of SNPs and
constant, the size of the nanoparticles increased with correspondin
particles reached a saturation level at around 250 nm and further inc
nanoparticle size.
Fig. 5 TEM image of SNPs without (The synthesis process of SNPs involves hydrolysis and
condensation reactions. Usually hydrolysis is a very slow
process and the particle growth rate is limited by hydrolysis
[18]. An acid or a base could act as a catalyst for hydrolysis
reactions. In the base catalyzed synthesis of SNPs, ammonia
catalyzes the hydrolysis step. Besides, ammonia promotes con-
densation reactions that result in a faster kinetics and thus
increased particle size [49]. All these facts well explain the
increase in nanoparticle size with corresponding increase in the
concentration of NH3 solution.
SNPs have to be made porous for the incorporation of
suitable drugs to serve as an efﬁcient drug delivery system
[30–33]. To make SNPs suitable for drug delivery applications,
the plasma treatment for generating pores on SNPs was
conducted. Compared to the chemical etching and calcination
processes, plasma etching is more acceptable due to the addi-
tional advantages like low processing temperature, non-wet
method and very short treatment time is needed. Our aim was
to generate pores on SNPs without using any structure directingthe concentration of NH3 solution. Keeping all other parameters
g increase in NH3 H2O concentration. The size of the nano-
rease in ammonia concentration did not cause much increase in
A) and with plasma treatment (B).
Fig. 6 SEM image of SNPs without (A) and with plasma treatment (B). (Inset shows higher magniﬁcation.) From the TEM and SEM
images it was found that oxygen plasma etching was a successful tool for generating pores on SNPs.
R. Nair et al.198agents or organic templates in the synthesis procedures because
the free occurrence of such agents could break open the cell
membranes [38,50] and hence their complete removal from
SNPs should be assured to avoid any chance of cell toxicity
during cellular delivery. Therefore the method developed in this
study provides an easy and safe synthesis of porous SNPs. The
characterization of argon plasma (at argon ﬂow rate of 5 ml/min
at 20 1C with 100–200 W processing power and varying proces-
sing time from 30 min to 1 h) treated samples failed to ﬁnd any
pores on the surface of SNPs in the cases of both without and
with heating of 150 1C. Argon plasma treatment is a physical
process in which the ionized gas dislodges the organic templates
if any. Since no such organic templates had been used in the
synthesis of SNPs, argon plasma was not successful enough to
induce pores on SNPs. Our initial experiments with oxygen
plasma (at a ﬂow rate of 60 ml/min at 20 1C with same
processing power and processing time as with argon plasma)
without any sample heating were not successful in generating
pores. However on heating the samples to 150 1C, we could
successfully generate pores on the surface which is very clear
from the TEM and SEM images. Figs. 5 and 6 show TEM and
SEM images of SNPs without and with plasma etching.
Formation of pores on the surface of SNPs was very clear from
Figs. 5B and 6B. Hence, along with heating SNPs at 150 1C,
oxygen plasma treatment (at 150 W for 30 min) was found to
be a successful tool for generating pores on surface of nano-
particles. This might be due to the fact that oxygen plasma
treatment is a chemical process and calcination in oxygen
plasma could affect inorganic silica that might lead to pore
generation on the surface of SNPs by surface etching [43,44].
The thus-synthesized porous silica nanoparticles can be loaded
with suitable payloads by simple diffusive process and their
controlled delivery in response to various stimuli can be
achieved as similar to various reported literatures of MCM-41
mesoporous silica solid support [33,34,51].4. Conclusions
The size of SNPs affects their physical, chemical, electrical and
optical properties. Even though the preparation of different
nanosized silica particles has been studied extensively, the
development of a reliable, optimized and easy method for the
synthesis of SNPs with size tunabilities is still needed.Instead of varying different parameters (such as concentra-
tion of silica source, chain length and concentration of
alcohol, concentration of morphological catalyst like ammo-
nia, reaction temperature etc) for controlling nanoparticle
synthesis and size, the authors have successfully prepared
SNPs with a size range of 5–250 nm by controlling only one
parameter i.e., the concentration of ammonia solution- in
base-catalyzed synthesis method of SNPs. Such size tuned
SNPs could be successfully used for drug delivery in animals
and plant cells since most cellular uptake and translocation
between cells occur successfully within this size range.
The pores on the surface of SNPs have successfully
generated by oxygen plasma treatment, which can be used
for the incorporation of suitable drugs. Oxygen plasma treat-
ment along with sample heating (150 1C) was proved as a
promising direct tool for pore creation thereby avoiding any
additional organic templates or structure directing agents,
which might be toxic to cells and living tissues and is currently
in use for inducing pores on SNPs.
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